We present a novel experimental technique for Brillouin-zone spectroscopy of photonic lattices with and without defects. Our technique facilitates mapping the borders of the extended Brillouin zones and the areas of normal and anomalous dispersion.
lattice sites.
Our experiments are carried out in optically-induced photonic lattices [10] , formed in a highly anisotropic photosensitive nonlinear crystal, utilizing the methods that have recently proven to be very successful for spatial solitons experiments in photonic lattices [10, 13] . Consider first the linear scheme for mapping the extended BZ of square and hexagonal lattices. Typical results are shown in Fig. 1 , where the upper (lower) row depicts experimental data obtained with a square (hexagonal) lattice. The left column (a,e) shows the interference pattern of the array waves forming the lattice, as they exit the nonlinear crystal. The second column (b,f) shows the power spectra of the input incoherent probe beam (wide homogeneous circle of illumination) illuminating the lattice, with the far-field of the array-forming waves (the sharp peaks) marking the corners of the respective first Brillouin zones (the incoming plane waves define the corresponding Bragg angles). The third row (c,g) shows the text-book calculated picture of the extended Brillouin zones of the respective lattices. And finally, the right column (d,h) shows the experimental QThK5 far-field picture of the incoherent light emerging from the lattice, depicfing the first four Brilluoin zones of the lattices, and marking the edges of every zone.
- Figure - Next, we examnine the spatial transmission spectrum of an incoherent probe beam propagating in a hexagonal (trigonal) lattice with positive and negative defects. The positive defect is created by launching an additional beam (several lattice periods wide), which is co-propagating with the array-forming waves but is mutually incoherent with them. The upper row in Fig. 2 (a-c) depicts the near-field photograph of the array-forming waves and the defectinducing beam as they exit the nonlinear crystal The lower row in Fig. 2 shows the (far-field) power spectrum of the probe beamn exiting the hexagonal lattice, without a defect (d), with a positive defect (e) and a negative defect(f) respectively. For the positive defect, the guided modes (bound states) arise from total-internal-reflection of states occupying the central region of the first Brilluoin zone. Consequently, the far-field of these guided modes is clearly apparent as a wide spot in the center of the first Brilluoin zone of Fig. 2(e) . On the other hand, for a negative defect (for which the average refractive index is lower in the guiding region), waveguiding arises solely from Bragg reflections, and not from total-internal-reflections. Consequently, the central region of the Brilluoin-zone picture is empty [not populated; the central "hole" in Fig. 2(f) ], and the guided modes are modes whose momentum arises from the vicinity of the edge of the first BZ [bright concentric ring in Fig. 2(f) )]. Finally, when the photonic lattice is nonlinear, the underlying self-focusing (or self-defocusing) interaction amnong the Bloch states results in energy exchange between these lattice eigen-modes. This interaction facilitates a method for distinguishing between the regions of normal and anomalous diffraction (dispersion) of the underlying lattice, and mapping out thie boundaries between dispersion of opposite signs. In these experiments, the probe beam QThK5 is propagating nonlinearly in the photonic lattice, and it drives the nonlinear interaction by inducing a broad defect in the lattice structure, which in turn causes energy exchanges between Bloch states. Typical experimental results are shown in Fig. 3 . The excitation (far-field) power spectrum of the incoherent probe-beam is shown in 3(a). When the crystal is biased with a positive field (self-focusing nonlinearity), the wide probe beam induces a wide (and shallow) positive defect in the lattice (deeper potential / increased refractive index). The presence of such a defect causes Bloch waves from anomalous diffraction regions (negative curvature of the band structure) to transfer power to Bloch waves arising from normal diffraction regions. In a similar fashion, a negative bias field results in a selfdefocusing nonlinearity, through which the incoherent probe beam induces a wide negative defect. This negative defect, in turn, causes energy transfer from normal-diffraction bloch waves to anomalous-diffraction states, highlighting the higher intensity (anomalous diffraction) regions in Fig. 3c .
Eu
In conclusion, we have shown two different techniques for linear and nonlinear Brillouin zone spectroscopy of photonic lattices, with or without defects. Both methods rely on probing the lattice with an incoherent probe beam, and visualizing the far-field power spectrum of the light exiting the photonic structure. The linear method relies on Bragg reflections, resulting in dark stripes along the edges of Brillouin zones, thus marking the edges of every zone. The nonlinear method, on the other hand, marks the areas of normal and anomalous dispersion (diffraction) wherever they occur within the Brillouin zones, as the probe beam propagates nonlinearly in the photonic lattice, and drives the nonlinear interaction. We have demonstrated our techniques experimentally in optically-induced lattices, nevertheless, the Brilluoin zone spectroscopy method is general and can be used for any periodic optical structure, including photonic crystals and photonic crystal fibers. a_ b_ 
